Abstract Dispersant use is a controversial technique used to respond to oil spills in nearshore areas. In order to assess the toxicity of this technique, this study evaluated the cardiac toxicological effects on juvenile golden grey mullets Liza aurata exposed for 48 h to either dispersant alone, chemically dispersed oil, mechanically dispersed oil, the water-soluble fraction of oil or a control condition. Following exposure, the positive inotropic effects of adrenaline were assessed in order to evaluate a potential impairment on the cardiac performance. The results revealed an impairment of the positive inotropic effects of adrenaline for all the contaminants (single dispersant, dispersed and undispersed oil, water-soluble fraction of oil). This suggests that: (1) cardiac performance is a valuable parameter to study the physiopathological effects of dispersed oil; (2) dispersant application is likely to impair cardiac performance.
Introduction
Dispersant use is a response to oil spills since this method enhances hydrocarbon bacterial degradation (Thiem 1994; Churchill et al. 1995) and reduces the risk of contamination for surface-occupying organisms (e.g. seabirds and marine mammals). However, using dispersant on an oil slick induces the formation of oil-surfactant droplets in the water column and consequently leads to an extreme ecotoxicological event for aquatic organisms with a concentration of total petroleum hydrocarbons (TPHs) in the water column reaching 50 mg/L (Lewis and Daling 2001). The intensity of this contamination is more important in nearshore areas since shallow waters mean a low dissemination potential. For this purpose, the present study investigated the toxicity of dispersed oil upon a species living in nearshore areas, the golden grey mullet, Liza aurata.
A recent study conducted by Claireaux and Davoodi (2010) showed an impact of petroleum hydrocarbons upon the cardiac output and the heart rate in Solea solea when metabolic demand increases. The authors suggested that this impaired ability of the heart to respond to increased metabolic demand could be due to an altered adrenergic response. On this basis, the present paper investigates the impact of dispersed oil on the adrenergic response of the myocardium of juvenile L. aurata. The impairment of adrenergic response was evaluated by measuring the alteration of the positive inotropic effect following an increase of circulating adrenaline. Through an in vitro study conducted on isolated ventricles, two parameters that involved in the inotropic effects (according to the definition of Klabunde 2011) were assessed: the force of contraction and the contraction velocity.
Materials and methods
Prior to exposure, 70 juveniles of L. aurata (37.73 ± 0.53 g; mean ± standard error of the mean) were acclimatised for at least three weeks in 300-L flowthrough tanks with the following physico-chemical parameters: dissolved oxygen 99 ± 2 % air saturation; salinity 35 ± 1 %; and temperature 14.5 ± 0.1°C (mean ± SE of the mean). After this period, fish were exposed for 48 h to five different treatments: (1) chemically dispersed oil (CD), simulating dispersant application, made by homogenising 20 g brut Arabian light petroleum and 1 g dispersant in 300 L sea water; (2) dispersant alone (D) in sea water as an internal control of chemically dispersed oil, made by homogenising 1 g dispersant in 300 L sea water; (3) mechanically dispersed oil (MD) simulating natural dispersion, made by homogenising 20 g petroleum in 300 L sea water; (4) the water-soluble fraction of oil (WSF), simulating an oil slick confinement response technique, made by pouring a 20 g confined oil slick on the surface of 300 L sea water; and (v) 300 L sea water alone (C: control condition). Fish of this study were exposed in the same tanks (static water systems) as the fish used in another study (Milinkovitch et al. 2012) in which the exposure protocol is described in detail. Total petroleum hydrocarbons (TPHs) and concentrations of the sum of the 16 polycyclic aromatic hydrocarbons (PAHs; listed by the USEPA as priority pollutants) are summarised in Table 1 . TPH concentrations of exposure are consistent with the concentration values observed in situ during oil spills (as previously discussed in Milinkovitch et al. 2012) since Cormack (1977) measured concentrations of 18 mg/L in the top 30 cm of the water column after chemical dispersion and Spooner (1970) measured 50 mg/L naturally dispersed oil after an oil spill in Tarut Bay (Saudi Arabia).
Following exposure, fish were euthanized using 2 mL of eugenol (99 %, Sigma-Aldrich chemicals, France) in 5 mL seawater. The gallbladders were removed in order to evaluate PAH-derived metabolites to estimate PAH incorporation. Four lL of bile extracted from the gallbladders of fish were diluted in 996 lL absolute ethanol (VWR International) in quartz cuvettes. Fixed wavelength fluorescence (FF) was then measured on a spectrofluorimeter (SAFAS Flx-Xenius, Monaco). Excitation-emission wavelength pairs 341:383 and 380:430 were employed to detect pyrene-derived and benzo[a]pyrene-derived metabolites, respectively (Aas et al. 2000) .
In parallel, the positive inotropic effect of increased adrenaline was assessed using an in vitro experiment adapted from Shiels and Farrell (1997) . Ventricles of Table 1 TPH concentration and concentration of the sum of 16 parents and alkylated US-EPA PAH (RPAH) in the five treatments at the beginning (T = 0 h) and at the end of the exposure (T = 48 h) for C (Control), CD (chemically dispersed oil), MD (mechanically dispersed oil), WSF (watersoluble fraction of oil) and D (dispersant) 36.9 ± 6.3 a,
For each contaminant measurements (TPH and PAH), different letters in the same row indicate significant difference of concentration between T = 0 h and T = 48 h (P \ 0.05); different symbols in the same column indicate significant difference of concentration between exposure conditions (P \ 0.05). Values are the mean of six tank replicates (±SE mean). n.d. means non-detected PAH or TPH compounds. From Milinkovitch et al. (2012) each heart were removed and divided (from the apex to the base) in two strips. In a water-jacket bath containing 15°C oxygenated physiological saline solution (NaCl 124.1 mmol L -1 ; KCl 3.1 mmol L -1 ; CaCl 2 2.5 mmol L -1 ; MgSO 4 0.9 mmol L -1 ; Tes salt 6.4 mmol L -1 ; Tes acid 3.7 mmol L -1 ; pyruvic acid 5.0 mmol L -1 ; glucose 5.7 mmol L -1 ), the base was attached to a fixed post and the apex to a filament connected to an isometric force transducer (ADInstrument, MLT0201/184). Each half-ventricle was then stimulated (10 V, 10 ms duration) at each frequency including the physiological range (0.2, 0.5, 0.8, 1 and 1.2 Hz). Adrenergic response (positive inotropic effects) due to an increase of adrenaline was tested using a low (AD 1 : 10 nM; Shiels and Farrell 1997) and high (AD 2 : 10 lM; Shiels and Farrell 1997) concentrations of adrenaline. Force of contraction (Fc) and contraction velocity (?dF/dt) were measured and expressed, respectively, in mN mm -2 and mN mm -2 s -1 . Data were statistically analysed using Statistica 8.0 (Statsoft, Inc) to conduct repeated measures ANOVA followed by planned comparison tests. ANOVA were conducted with adrenaline concentrations as the factor and frequencies as repeated measures for each treatment. This allows the difference due to adrenaline concentrations (betweenadrenaline-concentration analyses), for each treatment, to be shown. ANOVA were conducted with treatment as the factor and frequencies as repeated measures, for each adrenaline concentration. This allows the difference due to treatment (betweentreatment analyses), for each adrenaline concentration, to be shown.
Results and discussion
Statistical analyses revealed an increase of PAHderived metabolites in the gallbladders (Fig. 1 ) when fish were exposed to oil (i.e. when exposed to WSF, CD or MD) compared to control. However, following WSF exposure, the increase was less significant for pyrene-derived metabolites and not observed for benzo [a] pyrene-derived metabolites. Taken together, these results are in accordance with the concentrations of the sum of PAHs initially assessed in the water column (Table 1 , T = 0 h). Moreover, these results suggest that exposure to oil (WSF, MD, CD) could induce an increase in PAH incorporation; this incorporation being enhanced by dispersion (CD and MD). This last statement is in accordance with previous studies confirming an additive effect of the dispersion (whether mechanically or chemically) on the bioaccumulation of PAHs in teleosts fish (Camus et al. 1998; Ramachandran et al. 2004; Jung et al. 2009; Milinkovitch et al. 2011) .
With respect to the cardiac performance (Figs. 2,  3) , whatever experimental conditions (including control), statistical analyses did not show that force of contraction (Fig. 2) was significantly increased under high adrenaline stimulation (between-adrenalineconcentration analyses: AD 2 compared to AD 1 ). However, contraction velocity was significantly increased (Fig. 3) under high adrenaline level. Indeed, for control fish, our results showed a significant increase of contraction velocity due to the AD 2 treatment (at the frequencies 0.2-0.5-0.8 Hz). This result indicates, for control fish, a cardiac adrenergic response, that is, a positive inotropic effect, due to the increase of adrenaline. This was not observed for the other exposures (WSF, CD, MD, D) and suggests, consequently, that the cardiac adrenergic response was altered due to contamination. These results are in accordance with those of Incardona et al. (2004) who showed cardiac function defects in fish embryos exposed to PAHs and with a recent study conducted by Thomaz et al. (2009) who showed, in Oreochromis niloticus, an impairment of cardiac performances due to another organic contaminant, trichlorfon. In spite of the fact that contaminants are likely to alter cardiac performance, the decrease of cardiac adrenergic response has also been observed in fish exposed to hypoxia (Petersen and Gamperl 2009) suggesting that, in this study, contaminants could have acted indirectly through the modulation of this general stressor. For instance, impacts upon gill morphology and function, as described by Goanvec et al. (2011) in turbot exposed to oil, could have induced hypoxaemia leading to the observed decrease of cardiac adrenergic response. Between-treatment analyses did not reveal any statistical differences due to contamination. For both AD1 and AD2, no significant difference due to treatment was found. Regarding on AD2 concentration of adrenaline, this result means that, under high level of adrenaline, contraction velocity between control and the other treatments was not significantly altered.
Taken together, these results showed that contamination induced a reduction of the adrenergic response (between-adrenaline analyses). However, this reduction due to contamination is probably not sufficiently pronounced to induce a significant decrease of the contraction velocity under high levels of adrenaline (AD2). Extrapolated to the whole organism, this result means that contaminated fish exposed to additional stressors (such as predation, temperature, salinity) may not be able to increase metabolic rate accordingly. Thus, it could be suggested that contaminants tested in this study are likely to impair the survival of the fish. However, the fact that contraction velocity, under high levels of adrenaline, was not decreased significantly (for contaminated fish) incites us to be cautious in our conclusions. On this basis, it would have been interesting to propose further investigations to be performed on additional cardiac parameters such as kinematics ones (e.g. time to peak tension, time to half relaxation). Although adrenergic response was altered due to contamination, no significant difference between the contaminants was observed in this study, and consequently, no difference in toxicity could be seen between dispersed oil (CD and/or MD) and undispersed oil (WSF), suggesting-on the basis of this single result-no additive effect of dispersant. Even so, in order to establish a framework of dispersant use in the nearshore area, further ecotoxicological studies (e.g. on several organisms and/or at several levels of biological organisation) should be conducted. 
